INTRODUCTION
Agricultural systems cover approximately one-third of global land area (Rosen 2000) , a proportion likely to increase as the size and resource consumption of the human population grow (Tilman et al. 2001) . Moreover, the spatial extent and security of designated conservation areas are insufficient to ensure survival of much of Earth's biota (Soule and Sanjayan 1998 , Terborgh 1999 , Musters et al. 2000 . Consequently, assessing the capacity of agroecosystems to support biodiversity is of critical importance (Pimentel et al. 1992, Vandermeer and Perfecto 1997) and has led to the emerging field of countryside biogeography . In Central America, extensive tracts of tropical rain forest have been converted to agricultural land. Many studies have examined changes in biodiversity in rain forest fragments as a consequence of landscape change, but few have assessed the role that the surrounding agricultural land plays in species conservation (Estrada et al. 1993 , Perfecto and Snelling 1995 , Greenburg et al. 1997 , Roberts et al. 2000 , Ricketts et al. 2001 .
Avian frugivores are an important and substantial component of tropical ecosystems (Karr 1971 , Wheelwright et al. 1984 , Stiles 1985 , Fleming et al. 1987 , Estrada et al. 1997 . Many rain forest plants produce fleshy fruits consumed by birds, and these plants rely on avian frugivores for seed dispersal (Howe and Smallwood 1982 , Levey 1988 , Stiles and Rosselli 1993 . Fruit-eating birds play a critical role in the functioning of tropical ecosystems and may assist in the natural regeneration of rain forests by dispersing seeds into cleared areas , Nepstad et al. 1996 , Holl et al. 2000 . The persistence and recovery of rain forest habitat in agroecosystems may rely heavily on the capacity of these systems to support avian frugivores, but data on this relationship are lacking (Estrada et al. 1997 , Hughes et al. 2002 .
Isolated trees and shrubs in agricultural landscapes
can act as focal points for rain forest regeneration by attracting seed-dispersing birds into open areas, where the birds use trees as perching, foraging, or nesting sites (Guevara et al. 1986 , Guevara and Laborde 1993 , Toh et al. 1999 . Plants that produce fruit consumed by birds may be particularly important because they provide a nutritional resource and may attract a high number of species. Significant correlations exist between the distribution and abundance of fruiting plants and avian frugivores in tropical regions (Loiselle and Blake 1991 , 1993 , Levey and Stiles 1992 , Stiles and Rosselli 1993 .
We studied the composition and foraging behavior of avian frugivore assemblages in an agricultural landscape in southern Costa Rica. Past research on the local avifauna has recorded a high diversity of species occurring in agricultural plots outside of rain forest remnants , Hughes et al. 2002 . However, there are few data on the resources used by birds in the agricultural landscapes of this region, the contribution made by isolated trees in providing resources for frugivores and acting as focal points for rain forest regeneration, and whether these relationships vary with landscape context. We estimated the capacity of agricultural landscapes in our study area to provide resources for avian frugivores, and compared species richness and composition, visitation rate, and foraging behavior of frugivores among different landscape contexts.
METHODS

Study area
This study was conducted in the agricultural landscape surrounding the Las Cruces Biological Field Station of the Organization for Tropical Studies (OTS) in southern Costa Rica (Fig. 1) . The study area was defined by a 15 km radius circle centered on a large (227-ha) rain forest remnant adjacent to the field station. The area encompasses agricultural land consisting primarily of small-scale coffee plantations (mostly <2 ha) and cattle pastures (5-50 ha), interspersed with other crop types (e.g., banana and sugar cane), residential gardens, and small rain forest remnants (-0.3-25 ha; ). Land use is diverse and divided among many and FHI). Sites were confined to 900-1200 m in altitude. Using a geographic information system (GIS) database of vegetation cover in the study area, we calculated percent native forest cover within a 1 km radius of a given 30 x 30 m pixel. All near sites were established in areas where forest cover was 15-30%, and all far sites in areas where cover was 0-5%. These were the ranges for which suitable replicates could be found.
Each "site" consisted of a single fruiting tree within a given landscape context. Agricultural intensity was defined within a 100 m radius circle centered on the fruiting tree by estimating land cover within this area.
Circles that included ?25% native forest or a diverse mixture of small agricultural plots and residential gardens were classified as low intensity, and those that encompassed primarily pasture and/or coffee plantations were classified as high intensity. Sites were replicated 10 times in each context (a total of 40 fruiting trees) and were ?500 m apart. We tested for relationships between the similarity of frugivore assemblages at trees and the geographic distance between trees using a Mantel's test (Mantel 1967) We also selected 10 trees in the 227-ha rain forest remnant and adjacent botanical garden to compile a reference list of avian frugivores visiting the trees in a relatively undisturbed area. The distance between these trees was not sufficient to consider observations at them as independent, and these data were not used in statistical analyses.
All trees used in the study were in the family Me- Fruit size across all contexts was 5.86 ? 0.02 mm (mean ? 1 SE; n = 2500). Melastome fruits are an important resource for numerous frugivores (Stiles and Skutch 1989 , Loiselle and Blake 1993 , Stiles and Rosselli 1993 Birds may respond to variation in fruit abundance (Levey 1988 , Loiselle and Blake 1991 , 1993 , so it was important to quantify differences in fruit abundance among focal trees both within a landscape context and among contexts, and to account for any variation in subsequent analyses. On the day of observation, immediately prior to collecting bird visitation data, we determined fruit abundance for the focal tree. The tree was scanned with binoculars and the total number of visible fruit clusters that contained ripe fruit was counted. Of these, 20 were chosen at random (always > 10% of all fruit clusters) and the number of individual ripe fruits per cluster, to the nearest 10 fruits, was counted.
A mean value was calculated for the 20 fruit clusters, and this value was multiplied by the total number of clusters with ripe fruit to obtain an estimate of fruit abundance for each tree. Previous work in the study area by Daily and Ehrlich (1994) found that a dominance hierarchy existed among avian frugivores visiting fruiting Ficus and Cecropia trees in Las Cruces. Dominant species were larger (body mass) and had longer bills than subordinates, and displaced subordinates from feeding positions. Daily and Ehrlich (1994) compared visitation rates of dominant and subordinate species at trees in Las Cruces with trees in an agricultural landscape far (>6 km) from Las Cruces. They found that the visitation rate of dominant species increased, whereas subordinate visitation rate decreased, at fruiting trees in the agricultural landscape. This suggests that social dominance manifested in body mass and bill length may be advantageous in exploiting isolated fruit resources in agricultural landscapes. Dominant species may incur a lower cost: reward ratio than subordinates because their access to fruit at isolated trees is not further constrained by a low position in the dominance hierarchy. In line with these observations, we predicted that mean body mass of frugivores X visitation rate would be higher at highintensity and far sites. We tested this prediction using the entire frugivore assemblage and a subset of "tanager" frugivores (all tanagers plus the Green Honeycreeper and Scarlet-thighed Dacnis; see Appendix for scientific names). Body mass values were based on Stiles and Skutch (1989) .
Foraging behavior
Foraging behavior was recorded opportunistically during each observation period. Data were collected on the time that an individual spent in the tree (from arrival to departure), the number of fruits consumed during each visit (partial consumption was scored the same as a whole fruit), and fruit handling behavior. All data were recorded using a microcassette and were transcribed at the end of the observation period. Foraging observations were aborted if foliage blocked the observer's view of the focal individual. Also, sequential observations at a single tree over a long time period are likely to involve multiple records from the same individual. These data are not independent, so a mean value for each species based on all observations at a single tree was calculated.
Fruit-handling behavior may differ between bird species, and this has implications for a species' effectiveness as a seed disperser (Foster 1987 , Levey 1987 . We classified each species whose foraging we observed into one of three broad fruit-handling categories. Swallowers pluck fruits from the pedicel and swallow them whole, including all the seeds (e.g., manakins and flycatchers). Mashers also pluck the fruit from the pedicel, but tend to manipulate the fruit in the bill, crushing it lowers = 1, mashers = 2, and biters = 3. This assumes that swallowers collect and disperse the most seeds.
The first component of the index accounts for the visitation rate and reliability of each species, and the second component determines fruit-processing efficiency. Species that consume a high number of fruits in a short period of time are likely to disperse more seeds away from the parent plant.
RESULTS
Fruit abundance
Mean fruit abundance of focal trees did not differ significantly among landscape contexts (Fig. 2a) , but there was a difference in the number of fruiting trees in the vicinity of the focal tree, with the highest number recorded for focal trees in NLI sites (Fig. 2b) .
Species richness, composition, and evenness
We recorded a cumulative total of 103 bird species using Miconia for perching, nesting, or foraging (Appendix). Of these, 73 species (7 1%) were observed taking fruit from the tree, and all were native to the region. Many of the frugivorous species were infrequently recorded: 49% had <10 visits across all trees (see Table  1 ). We recorded 47 frugivore species from the rain forest and garden sites, but only seven of these were not observed in the agricultural landscape (see the Appendix) and all of the seven were infrequent visitors to Miconia.
Mean species richness differed significantly among agricultural landscape contexts (Fig. 3a) . It was highest in NLI sites (21.5 ? 1.79) and lowest in FHI sites (14.1 ? 0.89). Of all frugivores, 75% were recorded in NLI sites, whereas only 45% were recorded in FHI sites.
Species evenness was lowest in FHI sites (0.48), but was relatively consistent among the other landscape contexts (Fig. 3b) . We did not consider index values (constrained between 0 and 1) to be appropriate for standard statistical tests.
We plotted bootstrap and jackknife estimates of species richness across all 10 trees in each landscape context and compared these with pooled observed richness (Fig. 4) . The extent of underestimation of species richness varied between contexts. In NLI sites, observed The MDS analysis identified slight patterns in species assemblages, with relatively strong clustering of NLI and NHI sites, but weak clustering of far sites (Fig. 5) . Nevertheless, there was a significant difference in the similarity of assemblages among contexts (ANOSIM; Global R = 0.357, P < 0.001).
Visitation rate, foraging behavior, and body mass Visitation rates ranged from 27 to 233 visits per tree for the 5-h observation period. Mean number of visits per hour did not differ significantly among landscape contexts (Fig. 3c) . However, the number of seconds spent in the tree per visit was significantly higher in the far sites (Fig. 3d) . Subsequently, the number of fruits consumed per visit was also significantly higher in these sites (Fig. 3e ). This had a marginal effect on foraging efficiency (number of seconds taken to consume a single fruit), which appeared to improve in far sites, although the multiple comparisons test did not indicate clear differences among contexts and confidence intervals overlapped (Fig. 3f) The mean body mass X visitation rate of all frugivores differed significantly among contexts (Fig. 3g) .
In general agreement with our prediction (see Methods), it was highest in FHI sites, although the difference between FHI, FLI, and NHI sites was not significant even though the confidence interval for FHI sites did not overlap with other contexts. Mean tanager body mass was also highest in FHI sites, but the difference among contexts was not significant (Fig. 3h ).
Individual species
Based on the mean number of visits per tree across all contexts (including rain forest), the three most common visitors to Miconia, in decreasing order, were the Silver-throated Tanager, Clay-colored Robin, and Cherrie's (formerly Scarlet-rumped) Tanager (Table 1) . Half of the 10 most common visitors were in the tanager
guild (as previously defined). The Lesser Elaenia and
Yellow-bellied Elaenia were also common, as were the Buff-throated Saltator and Streaked Saltator.
Visitation rates differed substantially among landscape contexts for a number of species. Visits by the Clay-colored Robin and Blue-gray Tanager were highest in FHI sites, although differences among contexts were not always significant (Table 1 ). The visitation rates of the Golden-hooded Tanager and Scarlet-thighed Dacnis tended to decline with distance from Las Cruces. There was a trend for both Elaenia species to make increased visits to high-intensity sites, but the opposite was recorded for Swainson's Thrush, which had slightly higher visitation rates at low-intensity sites ( The relatively high number of species visiting Miconia is probably a consequence of the high species richness in our study area (>400 species), but may also be influenced by the spatial and temporal availability of fruit, in general, and by the timing of our study, which occurred when there were many latitudinal and altitudinal migrants in the study area. Importantly though, many species were recorded infrequently at our study trees and common visitors comprised a relatively small subset of species (only 31 of 73 species had >20 visits). Nevertheless, the results of our study are consistent with previous research indicating that fruits of Melastomataceae, in general, and Miconia, in particular, are an important resource for numerous avian frugivores in the tropical regions of Central America (Wheelwright et al. 1984 , Levey 1990 , Stiles and Rosselli 1993 , Loiselle and Blake 1999 .
Proximity to the large rain forest remnant at Las
Cruces was an important factor in several of the frugivore-tree interactions that we recorded. Percent cover of native forest was higher in near than in far sites; thus, the factors of distance from Las Cruces and gen- RF NLI NHI FLI FHI Total Context Bird species (n = 10) (n = 10) (n = 10) (n = 10) (n = 10) no. visits difference RF, rain forest; NLI, near sites with low-intensity agriculture; NHI, near sites with high-intensity agriculture; FLI, far siteswith low-intensity agriculture; and FHI, far sites with high-intensity agriculture.
* P < 0.05; ** P < 0.01; NS, not significant.
Vol. 13, No. t eral forest cover prQbably interacted to influence this result. Estimates of true species richness indicated that we underestimated the number of species at near sites by 12-24% (Fig. 4) . This further underscores the strong relationship between high species richness and proximity to Las Cruces and/or a relatively high percent cover of native forest in the region. Moreover, a number of species were commonly recorded in Las Cruces or in near sites, but were absent or infrequently recorded in far sites (e.g., Green Honeycreeper, Chestnut-sided Warbler, White-throated Robin, and Bay-headed Tanager), suggesting that proximity to large areas of rain forest is important for their conservation.
At a smaller scale, there were few differences between high-and low-intensity sites within a given distance category. This may reflect a disparity in the spatial scale of our intensity classification and bird movement, although there was no relationship between the similarity of frugivore assemblages and geographic distance between trees. Nevertheless, bird response to landscape change may operate at a scale greater than that used to classify high-and low-intensity sites. If so, this would restrict our ability to ascertain the importance of small rain forest remnants in supporting avian frugivores in agricultural landscapes. However, a recent study by Sekercioglu et al. (2002) found that the species richness of frugivores was similar between forest study sites (in Las Cruces) and small (4-5 ha) rain forest remnants. Further, a study of hummingbirds in the same region found a significant positive relationship between species richness and remnant area across five small rain forest remnants -0.3-20 ha (Borgella et al. 2001) .
Taken together, these results highlight the importance of rain forest remnants to bird conservation in southern Costa Rica. However, the role of agricultural landscapes outside of remnants in providing resources for native species should not be underestimated. In our study, many of the species commonly recorded in near sites were also common in far sites (e.g., Silver-throat- In our study, the number of visits per hour for all species combined was not significantly different among landscape contexts (Fig. 3c) , but there were differences in frugivore assemblages and the visitation rates of individual species. Without detailed knowledge of the dispersal effectiveness of particular species, it is difficult to determine the consequences of this variation. Stiles and Rosselli (1993) demonstrated a close association between melastomes and tanagers in Neotropical areas and found that tanagers are probably key dispersers for this plant family. Manakins are also highlighted as important dispersers of Melastomes (also see Loiselle and Blake 1999) , although Stiles and Rosselli (1993) suggested that they are only historically recent additions to the core dispersal coterie of this plant family. A number of tanagers maintained relatively high visitation rates to Miconia trees in all of the landscape contexts that we studied, although of the eight most common tanagers recorded, only three showed no evidence of decline in visitation with increasing agricultural intensity or distance from Las Cruces (Table 1) .
Of further concern are the low visitation rates of manakins in high-intensity and far sites. Manakins are consistently identified as one of the most common understory frugivores in rain forest habitat in Costa Rica (Levey 1988 , Loiselle and Blake 1991 , Borgella 1995 .
The White-ruffed Manakin was the most common species recorded in mist-net captures by Sekercioglu et al. (2002) in their Las Cruces and nearby remnant sites.
This suggests that certain species, primarily forest-dependent, are unlikely to use resources outside of remnants (see Hughes et al. 2002) , further emphasizing the importance of rain forest protection to effective species conservation.
The quantitative dispersal index that we developed is a first step in determining the dispersal effectiveness of avian visitors to Miconia. It indicates which species are likely to remove the most seeds from the parent plants. Encouragingly, almost all of the quantitatively important species as assessed by this index were common in all landscape contexts, suggesting that seed removal from Miconia is not adversely affected by the level of landscape modification in our study area (Table   2 ). A few quantitatively important species (e.g., Golden-hooded Tanager, Swainson's Thrush, and Scarletthighed Dacnis) had lower visitation rates at high-intensity and far sites, and this may be detrimental to dispersal effectiveness.
Our dispersal index is limited because it does not consider other important, qualitative aspects of dispersal effectiveness (see Schupp 1993) . Species that remove the most seeds may not deposit them in microhabitats suitable for germination and seedling survival (Murray 1988 , Reid 1989 , Loiselle and Blake 1999 . Factors such as seed treatment in the gut, seed retention time, microhabitat use, and postforaging movements influence how effective a species is in the dispersal of a certain plant (Levey 1986 , Schupp 1993 , Chavez-Ramirez and Slack 1994 , Loiselle and Blake 1999 . Nevertheless, quantitative dispersal effectiveness did not appear to be adversely affected by landscape change. On the contrary, frugivores took more fruit and had a slightly better efficiency rating in sites far from Las Cruces (Fig. 3e and f) . Many factors influence the successful regeneration of rain forest in cleared areas, but lack of dispersal of zoochorous seeds appears to be a primary limiting factor (Holl et al. 2000 , Zimmerman et al. 2000 . Artificial structures such as bird perches may have limited success in attracting dispersal agents (e.g., Holl 1998), and isolated trees, particularly those that provide a nutritional reward, appear to offer the best hope for facilitating seed dispersal into open habitats. For example, Guevara et al. (1986) found that fruit-bearing trees attractive to unspecialized birds had significantly more species of bird-dispersed plants under their canopy than did trees not bearing fruit.
Some studies in tropical regions have shown that many of the seeds dispersed by birds in agroecosystems are from disturbed habitat rather than relatively undisturbed forest, suggesting that dispersers may not be moving from forest into open areas (Duncan and Chapman 1999) . However, in a study at a Neotropical rain forest site, Galindo-Gonzailez et al. (2000) found that birds dispersed seeds from a number of pioneer and primary rain forest species into pastures. We acknowledge that most of the bird species observed in our study are unlikely to disperse many large-seeded rain forest plants, but dispersal of small-seeded pioneer species would contribute to the first successional stage of rain forest regeneration. Once secondary rain forest is established, a richer diversity of species may be attracted to regenerating areas.
Owing to the extensive area of land that has been cleared for agriculture in Central America, the reseeding or replanting of degraded and abandoned regions represents a monumental, labor-intensive, and financially draining task (Sanchez-Azofeifa et al., in press).
The ecosystem service of seed dispersal provided by avian frugivores is therefore critical to rain forest regeneration in cleared areas available for restoration, as well as to the maintenance of forest cover along stream courses and other sites often left forested by land holders. A substantial proportion of avian frugivores still persists in the agricultural lands of southern Costa Rica.
Species that are habitat generalists and good dispersers may continue to survive in highly modified landscapes, but many species rely on the increasingly shrinking rain forest remnants. Not only do these remnants support a rich diversity of frugivores, but also they house a variety of plants that will, through the assistance of their dispersal agents, form the basis of rain forest regeneration into the future.
